Ni(II)-substituted goethite and hematite samples used for kinetic release experiments were prepared using modified previously reported methods (Schwertmann and Cornell, 2000) . Ni(II)-goethite was synthesized by slowly adding 125 mL of a solution containing 0.98 M ferric nitrate and 0.02 M Ni(II) chloride to 225 mL of 5 M NaOH. The slurry was then diluted to 1 L and placed in an oven at 70 °C for 5 days. Ni(II)-hematite was prepared by slowly adding 600 mL of a solution containing 0.198 M ferric nitrate and 0.002 M Ni(II) chloride to 360 mL of 1 M NaOH. The pH of this slurry was then adjusted to 8.5 by dropwise addition of 1.0 or 0.1 M NaOH. The suspension was then placed in an oven set to 98 °C for 11 days. Once removed from the oven and cooled to room temperature, both materials were treated with 0.25 M HCl for 2 hr using a solid to solution ratio of 1:100. This acid treatment was employed to remove residual adsorbed cations and amorphous Ni-containing iron oxides. The materials were then washed with DI water by centrifugation until a pH of >5 was achieved. The solids were resuspened into 250 mL of DI water and stored as a suspension until further use. An aliquot was removed and oven dried at 70 °C to obtain powder that was used for sample characterization. Mineral surface area (Table DR1 ) was determined by collecting nitrogen B.E.T. adsorption isotherms at 77 K using a Quantachrome instruments Autosorb-1. X-ray diffraction (Rigaku Geigerflex D-MAX/A diffractometer using Cu-Kα radiation) confirmed that the Ni-substituted Fe oxides consisted of goethite or hematite and contained no other crystalline impurities. Ni content (Table DR1 ) was determined by inductively-coupled plasma optical emission spectrometry (ICP-OES, PerkinElmer Optima 7300DV) after digestion of the solid in a 20% HNO 3 :5% HCl (trace metal grade, Fisher Scientific) mixture. The digested sample liquid was diluted as necessary before analysis.
Pure goethite and hematite were prepared according to standard methods (Schwertmann and Cornell, 2000) . Ni incorporation experiments were performed in 40 mL polypropylene reaction vials. Goethite and hematite were suspended (4 g/L) in a pH 7.5 solution buffered by 10 -3 M EPPS in a 10 -2 M NaCl electrolyte. Twelve suspensions were spiked with Ni(II) (as NiCl 2 ) and differing initial aqueous Fe(II) concentrations (as FeCl 2 ) ( Table DR2 ). After pH readjustment to 7.5 (± 0.05 pH unit), the sample vials were wrapped in foil and placed on an endover-end rotator. The pH was checked two hours later and adjusted if necessary. After reaction for either 5 or 82 days, the solid was separated from the supernatant through ultracentrifugation under anaerobic conditions. The supernatant was then removed with a syringe, filtered (0.2 μm, MCE), and immediately acidified (HNO 3 , trace metal grade) inside the anaerobic chamber for Ni and Fe analysis by ICP-OES. The remaining supernatant was decanted and discarded while the solid was collected as a wet paste and sealed in polycarbonate sample holders using 25 μm Kapton™ tape. These were then heat sealed in polyethylene to preserve anaerobic conditions, and were analyzed within 5 days. The solid samples were then transported to the Advanced Photon Source where Ni K-edge X-ray absorption fine-structure (XAFS) spectroscopy measurements were made.
XAFS Data Collection and Analysis
Bulk XAFS measurements, including both extended X-ray absorption fine-structure (EXAFS) and X-ray absorption near-edge structure (XANES) measurements, were performed at The Advanced Photon Source at Argonne National Laboratory on beamline 20-BM (PCN-CAT) using a Si(111) double-crystal monochromator. Ni K-edge data were collected in fluorescent yield mode using a 12-element energy dispersive Ge array detector. The harmonic content of the X-ray beam was reduced by detuning the second crystal of the monochromator by 10% and by insertion of a Rh-coated harmonic rejection mirror 1 m before the sample set to a cutoff energy of approximately 16 keV. The incident X-ray beam was also focused both vertically and horizontally to an approximately 700 by 700 μm size using a toroidal mirror coated with Pt and a 10 nm Al 2 O 3 overcoat; the focusing mirror is located 2 m past the monochromator.
The X-ray beam energy was calibrated by setting the maximum in the first derivative of the XANES spectra of a Ni metal foil to 8333 eV for the Ni K-edge. XAFS spectral scans were averaged using the Athena (Ravel and Newville, 2005) interface to IFEFFIT (Newville, 2001) while normalization and background subtraction of averaged data was performed using SixPACK (Webb, 2005) . The k 3 -weighted EXAFS spectra of Ni were quantitatively analyzed in SixPACK using phase and amplitude functions generated from the structures of goethite [α-FeOOH] (Gualtieri and Venturelli, 1999) and hematite [α-Fe 2 O 3 ] (Blake et al., 1966) using FEFF 7.02 (Ankudinov et al., 1998) . Coordination number (N), interatomic distance (R), and σ 2 (a Debye-Waller-type factor based on a Gaussian distribution of interatomic distances), were refined using a nonlinear least-squares fitting routine. The amplitude reduction factor, S 0 2 , was fixed to 0.9 for spectral fitting.
XAFS RESULTS

EXAFS Analysis of Potential End-Member Samples
Local structural models were refined to the EXAFS spectra of the Ni-substituted goethite and hematite samples as well as the samples containing Ni sorbed to each mineral for 5 days in the absence of aqueous Fe(II). The Ni-substituted samples are well fit ( Figure DR1 ) with a local structural model consisting of Ni occupying an Fe site in each mineral structure ( Table DR3) . The Ni-sorbed samples likewise are well fit ( Figure DR1 ) by structural models consistent with Ni in an adsorbed state (Table DR4 ) . Each spectrum was modeled as having Fe neighbors at two distinct distances that suggests the presence of corner sharing surface complexes (Arai, 2008) .
Principle Component Analysis
Principle component analysis of the XANES spectra ( Figure DR2 ) yield IND values (Malinowski, 1977) suggestive of one primary component for the goethite series and two primary components for the hematite series (Table DR5 ). For goethite, the spectral reconstruction was poor when using only one component, with major features not reproduced, but was substantially improved using two components. Given the spectral reconstruction results and the clear signature of two-component mixing in the XANES spectra for the high-Fe-82d samples (Figure 1 ), two components were selected for use in target transformation analysis. This analysis was employed to statistically justify the choice of end-member spectra for use in quantitative analysis. Target transformation yielded SPOIL (Malinowski, 1978) values ( Table  DR6 ) that indicate Ni-substituted and Ni-adsorbed goethite or hematite were excellent candidates for real spectra components for each respective mineral series. Principle component and target transformation analyses of the EXAFS spectra ( Figure DR3 ) yielded similar results (Tables DR5 and DR6 ), although the numerical parameters obtained differed because of the higher noise level in EXAFS spectra.
Quantitative Analysis of Ni Speciation
Quantitative analysis of the Ni speciation was performed using linear combination fitting, with the spectra end-members identified through target transformation analysis serving as standards. Fits to the XANES spectra demonstrate that increased Fe(II) concentrations lead to increased Ni incorporation in the mineral structure at both reaction times (Table DR7 ) . Furthermore, there is a substantial increase in incorporation at the longer reaction time. Incorporation into hematite after extensive aging in the absence of aqueous Fe(II) is negligible but minor incorporation into goethite is observed. Similar analyses of the corresponding EXAFS spectra agree with the relative incorporation trends. These analyses yield larger uncertainties because of the elevated noise level common in EXAFS spectra derived from fluorescence-yield measurements. The EXAFS analysis suggesting greater incorporation into goethite is likely an artifact caused by systematic errors in the data and the small spectral variation in the data series. In contrast, the lower level of incorporation of Ni into hematite obtained in the EXAFS analysis may indicate the presence of fewer Fe neighbors than occurs for Ni in the bulk hematite structure. Incorporation into a surface layer on hematite would generate a similar electronic structure as Ni in the bulk structure but with fewer of the more distant Fe neighbors, producing the observed effects in the XANES and EXAFS spectra. This would be consistent with past observation of only minor isotopic exchange between aqueous Fe(II) and hematite (Pedersen et al., 2005; Wu et al., 2010) and the formation of a second hematite component with slightly different magnetic properties after reaction with Fe(II) (Larese-Casanova and Scherer, 2007; Rosso et al., 2010) . (20) 17 (12) a Statistical uncertainties in the last digit are reported in parentheses at the 95% confidence level. Table DR2 . Reaction conditions for samples examined by XAFS and final solution concentrations of Ni and Fe after specified reaction time. All reactions were performed at pH 7.5 (10 -3 M EPPS) in 10 -2 M NaCl electrolyte. a Samples serve as surface-adsorbed Ni standards for linear combination fitting. b Dash (-) indicates analyte was below detection limit. Table DR3 . EXAFS spectra structural fitting results for Ni-substituted iron oxides. (Table DR2) : (a) noFe-5d, (b) lowFe-5d, (c) highFe-5d, (d) noFe-82d, (e) lowFe82d, (f) highFe-82d. Ni-substituted hematite and goethite standards also shown (g). 
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